entry mechanism (1-3). Therefore, the term store-operated channels (SOCs) is often used to describe the channels responsible for the Ca 2ϩ influx. Although the molecular makeup of SOCs is not known, recent studies indicate that Drosophila Trp (transient receptor potential) protein and its mammalian homologues are subunits of Ca 2ϩ -permeable cation channels that are activated in a variety of cells after stimulation of the phospholipase C pathway by agonists (3-6). However, because channels formed by Trps are not always activated by store depletion alone and they display electrophysiological properties different from those of well-characterized native SOCs, it remains to be proved whether Trps are components of SOCs (6-9).
entry mechanism (1) (2) (3) . Therefore, the term store-operated channels (SOCs) is often used to describe the channels responsible for the Ca 2ϩ influx. Although the molecular makeup of SOCs is not known, recent studies indicate that Drosophila Trp (transient receptor potential) protein and its mammalian homologues are subunits of Ca 2ϩ -permeable cation channels that are activated in a variety of cells after stimulation of the phospholipase C pathway by agonists (3) (4) (5) (6) . However, because channels formed by Trps are not always activated by store depletion alone and they display electrophysiological properties different from those of well-characterized native SOCs, it remains to be proved whether Trps are components of SOCs (6) (7) (8) (9) .
Recent studies have shown that IP 3 Rs play a role in activating human Trp3 (hTrp3) (9) (10) (11) , consistent with a conformational coupling hypothesis proposed for the activation of SOCs (2, 12) . Direct interaction between type 3 IP 3 R (IP 3 R3) and Trp3 was confirmed in in vitro binding studies, which also led to the identification of two interaction domains in the N-terminal third of the IP 3 R3 protein and one on the C terminus of Trp3 (9) . Expression of IP 3 R3 or Trp3 sequences containing the respective binding domains in HEK 293 cells altered store-operated Ca 2ϩ influx (9) . IP 3 Rs have also been shown to interact with Trp1 and Trp6 (9, 13, 14) , indicating that interaction of IP 3 R with Trp may be an important gating mechanism for Trp channels.
Other factors have also been shown to affect the activity of heterologously expressed Trp channels. These include the activated G␣ 11 and G␣ q (15) , Ca 2ϩ (16) (17) (18) , polyunsaturated fatty acids (19) , and diacylglycerol (20) (21) (22) . Among these, the effect of Ca 2ϩ remains controversial, with reports suggesting either a stimulatory or an inhibitory effect on Drosophila TrpL (16, 17) and a stimulatory effect on hTrp3 (18) . Some effects of Ca 2ϩ may be mediated by calmodulin (CaM), as two CaM-binding sites have been localized on the C terminus of TrpL (23, 24) . Although CaM has been implicated in the inactivation of TrpL and proposed to be responsible for the transient nature of the light-activated current in the photoreceptors lacking a functional Trp (25) , a direct proof that CaM is involved in regulating the activity of Trp channels is still lacking. On the other hand, Ca 2ϩ and CaM are involved in regulating native SOCs. Ca 2ϩ -dependent inactivation has been documented for SOCs found in lymphocytes (26) , pancreatic acinar cells (27) , basophilic leukemia cells (28, 29) , and submandibular gland cells (30) . CaM has been shown to inhibit a SOC in bovine vascular endothelial cells by delaying its activation and promoting its inactivation (31) .
The present studies were initiated to test the hypothesis that mammalian Trp homologues are regulated by Ca 2ϩ ͞CaM. We report here the presence of a CaM-binding site in the C terminus of Trp3 that overlaps with the one recently shown to interact with two regions of IP 3 R3 (9). Assays for a functional correlate of the interaction of CaM with Trp3, carried out by patch-clamp recordings from inside-out membrane patches, showed that Trp3 has strong intrinsic activity that is suppressed by CaM. Our data suggest that IP 3 R-mediated displacement of CaM from the CaM͞IP 3 R binding (CIRB) site is involved in the activation of Trp3. This scenario provides a model for the mechanism of activation of Trp-based ion channels, which may be applicable to both G q ͞phospholipase C-activated as well as store-operated Ca 2ϩ entry channels.
Materials and Methods
DNA Constructs and Pull-Down Experiments. Fragments of IP 3 R3 and Trp3 were generated by PCR and were subcloned into either pGEX4T-1 (Amersham Pharmacia) for the expression of glutathione S-transferase (GST) fusion proteins or pAGA (32) The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
in-frame before the Trp3 C-terminal fragments. Preparation of GST fusion proteins, 35 S-labeled Trp3, and MBP fusion proteins and procedures for pull-down experiments are as described (33 Cell Lines and Transfection. HEK 293 cells stably expressing hTrp3 (T3-9 cells) and culture conditions were as described (34) . For transient transfection of mutant or wild-type CaM, the Trp3 cells were seeded in 35-mm culture dishes at 10,000 cells per dish for 24 h. Two micrograms of pcDNA3 vector containing either the cDNA for rat CaM(EFmut) 4 or that for the wild-type CaM was mixed with 0.4 g pEGFP-N1 (CLONTECH) and transfected into the cells with the use of Lipofectamine Plus reagent (GIBCO), following the manufacturer's protocol. For the expression of mutant Trp3, HEK 293 cells were seeded and Trp3⌬C8 in pcDNA3 was cotransfected with pEGFP-N1. Cells that acquired the expression of green fluorescence were used in electrophysiological studies 48-96 h after transfection.
Recording from Inside-Out Patches. Cells were bathed in a Ringer's solution containing 140 mM NaCl, 10 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2, and 10 mM Hepes (pH 7.5). The pipette solution contained 140 mM Na⅐Hepes, 5 mM NaCl, and 2 mM CaCl 2 (pH 7.5). Pipettes were pulled from type 7052 borosilicate glass (Garner Glass Company, Claremont, CA) and heat-polished to tip resistances of 9-11 M⍀ in the above solution. After we made a tight seal and established the cell-attached configuration, a Ca 2ϩ -free intracellular solution containing 140 mM potassium gluconate, 5 mM NaCl, 1 mM MgCl 2 , 5 mM EGTA, and 10 mM Hepes (pH 7.5) was perfused onto the cells. Patches were excised and continuously perfused with the internal solution. The desired amount of CaCl 2 was added to the internal solution to make final concentrations of 0.18, 1.8, and 18 M free Ca 2ϩ ; calculated according to the method of Fabiato (35) ; and confirmed by measurement of free Ca 2ϩ concentration with the use of Fura-2. The stock solutions for calmidazolium (CMZ), RS-20, CaM, and F2v were 10, 5, 0.2, and 1 mM, respectively. They were diluted to the final concentration in the internal solution containing no Ca 2ϩ (for F2v) or 18 M free Ca 2ϩ (for others) and perfused to the cytoplasmic side of the excised patches. External voltage command control was used to control the holding potentials, and current was recorded at a sampling frequency of 5 kHz and filtered at 1 kHz for generally 15 s for each sweep. Data recorded at Ϫ60 mV were analyzed with PCLAMP8 (Axon Instruments, Foster City, CA) after digital filtering at 500 Hz and baseline adjustment. The mean current was calculated first as the time integral of current flow (i.e., total charge movement) of every 2,000 data points with the use of ANALYSIS, a custom-made program (E.S. and F. Bezanilla, unpublished software) and then divided by the duration used for the integration (0.4 s). Channel activities are expressed by time plots of the mean currents in 0.4-s bins for representative patches and by averages Ϯ SEM of the mean currents of 30-s to 150-s recordings from indicated numbers of patches.
Results

CaM and IP3R Bind to an Overlapping Site on Trp3.
A previous study showed that a GST fusion protein containing the C7 fragment of Trp3 (T3C7, M742-E795, Fig. 1A ) interacted with IP 3 R3 (9). We now find that GST-T3C7 also interacts with 35 S-labeled CaM (Fig. 1B) . Although a very weak interaction was seen under Ca 2ϩ -free conditions with 10 mM EGTA and no added Ca 2ϩ , more than 200 times more CaM was retained in the presence of 10 M free Ca 2ϩ . A mutant CaM, CaM(EFmut) 4 , containing aspartate-to-alanine substitutions in all four of its EF hands (36) , interacted weakly with T3C7 in a Ca 2ϩ -independent manner (Fig. 1B) . In another set of experiments, we tested the interactions between 35 S-labeled Trp3 fragments and CaM-Sepharose. The C terminus (N725-E848) but not the N terminus (M1-A304) of Trp3 interacted with CaM-Sepharose (not shown). We tested smaller regions of T3C7 for the interaction with IP 3 R3 and CaM. MBP fusion proteins were used to facilitate the labeling and separation of the Trp3 fragments. Although MBP interacted very weakly with GST-IP 3 R3-F2q, a fragment containing the first and stronger of the two Trp-binding sites of IP 3 R3 (9), and not at all with CaM (Fig. 1C) , the fusion protein containing T3C14 (E761-E795) interacted strongly with both GST-IP 3 R3-F2q and CaM (Fig. 1C) . Smaller T3 fragments, C15 and C8, had weaker interactions with IP 3 R3 and CaM as compared with C14 (Fig. 1C) . Fig. 1D shows a dose-dependent effect of Ca 2ϩ on T3C14 binding to CaM. Half-maximal binding to CaM occurred at 6.7 M Ca 2ϩ with a Hill coefficient of 1.5. A synthetic peptide representing the C14 region of Trp3, peptide C14 (S764-D793), dose dependently increased the fluorescence emission of dansylCaM, with a half-maximal increase at 58 nM (Fig. 1E) . The peptide also inhibited the CaM-activated PDE activity with half-maximal inhibition (IC 50 ) at 0.33 M (Fig. 1F) . The dissociation constant (K d ) for C14 binding to Ca 2ϩ ͞CaM, calculated from the activation curves of PDE by CaM in the absence and the presence of the peptide (37), was 0.1 M. (Fig. 2A Left) . The effect of CaM was Ca 2ϩ dependent. At low Ca 2ϩ concentrations, 10 M CaM did not significantly inhibit the interaction between T3C14 and IP 3 R3-F2q, whereas at higher Ca 2ϩ concentrations, it caused a Ca 2ϩ dose-dependent inhibition of the interaction (Fig. 2 A Right) .
Interaction of Trp3 with
The last 18 residues of IP 3 R3-F2q (F2v, E681-D698) were sufficient to bind to the Trp3 C terminus (N725-E848, Fig. 2B) . Substitution of the two tryptophans in IP 3 R3-F2v (W693, W696) with glycines (F2vmut, Fig. 2B) (10, 11) . These studies showed that when patches were excised to an intracellular solution containing 100 nM free Ca 2ϩ but no IP 3 , there was no Trp3 activity. We reasoned that at rest, the CIRB site could bind to either IP 3 R or CaM. If CaM were bound to the channel, then the basal activity would be sensitive to changes in intracellular Ca 2ϩ concentrations. We thus excised the patches into a Ca 2ϩ -free intracellular solution containing 5 mM EGTA and no added Ca 2ϩ . Under these conditions, about one-third of inside-out patches from the Trp3 cell line displayed varying degrees of activity with single-channel behaviors similar to those elicited by IP 3 (Fig. 3A) (10, 11) . The channel had relatively large single-channel amplitudes and a very brief mean open time (Fig. 3 B and C) , typical of that formed by Trp3 (10, 11, 18) . The open probability for the outward current recorded at the transmembrane potential of ϩ60 mV was more than 10 times higher than that for the inward current recorded at Ϫ60 mV. This finding agrees with the observation for singlechannel activities of Trp3 activated by agonist or IP 3 (10). to the cytoplasmic side of the patches inhibited the activity by 83% and 93%, respectively (Fig. 3 D suggests that CaM may be tethered to the channel complex in excised patches, and this association was not disrupted even though the cytoplasmic side of the membrane was continuously perfused with a Ca 2ϩ -free solution. Removing CaM from Trp3 might unblock the channel and hence enhance its activity. We used the CaM mutant CaM(EFmut) 4 , which interacted weakly with Trp3 in a Ca 2ϩ -independent manner (Fig.  1B) , to test this possibility. Expression of CaM(EFmut) 4 in the Trp3 cell line caused a large increase in basal activity in the inside-out patches excised to the Ca 2ϩ -free solution (Fig. 3 F and  G) . Each patch had multiple open levels that showed mostly flickers of brief openings. In contrast to the cells that expressed Trp3 alone, raising Ca 2ϩ to 1.8 M at the cytoplasmic side of cells expressing Trp3 plus CaM(EFmut) 4 , instead of inhibiting the current, enhanced the activity by about 3-fold. This Ca 2ϩ -dependent increase in channel activity resembles that observed for Trp3 expressed in Chinese hamster ovary cells by intranuclear cDNA injection (18) and thus is likely to be an effect unrelated to the inhibition by Ca 2ϩ ͞CaM. As a control, Trp3 cells transfected with the wild-type CaM did not show any basal activity in the inside-out patches (n ϭ 10), and increasing Ca 2ϩ at the cytoplasmic side did not cause the activation of Trp3 (Fig.  3 F and G) . These data suggest that CaM is closely associated with Trp3 under basal conditions, and displacing CaM with the EF hand mutant results in both spontaneous activation of the channel and its potentiation by Ca (Fig. 4 A and B) . However, when , a large activity became evident (Fig. 4 A and B) . The RS-20-stimulated activity was similar to that obtained in cells expressing CaM-(EFmut) 4 . Second, we used a CaM antagonist, CMZ, to inactivate CaM in the excised patches. Perfusion of 10 M CMZ to the cytoplasmic side of the patches in the presence of 18 M Ca 2ϩ also strongly activated Trp3 (Fig. 4 C and E) . There was no significant difference in the properties of the channel when it was activated by RS-20 or CMZ. The effect of CMZ was reversed by the addition of 5 M CaM (Ϸ84% inhibition, n ϭ 5) and recovered upon reapplication of CMZ (Fig. 4C ). When treated with 10 M CMZ, the activities of patches from T3 cells overexpressing the wild-type CaM were similar to those in patches from cells expressing Trp3 alone (Fig. 4E) , further substantiating the conclusion that the diminished basal activity in the Trp3 cells transfected with CaM was due to the function of CaM. On the other hand, although CMZ treatment caused in average about a 130% increase in the mean current in patches excised from control HEK 293 cells, with P ϭ 0.13 by Student's t test, the difference was not statistically significant (Fig. 4 D and  E) . The records for patches from the control cells typically became ''noisier'' after the CMZ treatment. However, at the single-channel level, we were unable to resolve the activity in control cells, probably because the endogenous SOC has a very small conductance (10) . Therefore, it is possible that inactivating CaM also activates the endogenous channels in the HEK cells. However, more sophisticated measurements are needed to verify this possibility. Fig. 5A ), indicating that Ca 2ϩ ͞CaM also mediates the inactivation of Trp3. In contrast to F2v, the mutant peptide F2vmut did not affect Trp3 activity (Fig. 5 B and D) . Again, for the control cells there was an average of a 2-fold increase in the mean current after treatment with peptide F2v (Fig. 5 C and D) . However, the difference was not statistically significant (P ϭ 0.19), making it difficult to conclude whether a similar gating mechanism also works for the endogenous channels.
The CIRB Site of Trp3 Is Required for Its Regulation by CaM. CaM interacts with many proteins, including IP 3 Rs (40). The effect of CMZ, RS-20, or CaM(EFmut) 4 on Trp3 activity could be unrelated to the association of CaM at the CIRB site but result from the inhibition of CaM binding to other proteins, which would in turn activate Trp3. To find out whether the CIRB site is required for regulation by CaM, we expressed in HEK cells the ⌬C8 form of Trp3, Trp3⌬C8, which lacks the binding to CaM but retains the interaction with IP 3 R3 (Fig. 5G) , and measured its activity in excised patches. No current was elicited by perfusion with the Ca 2ϩ -free intracellular solution. Treatment with CMZ increased the activity only slightly, which is similar to the effect of CMZ on patches from control cells. On the other hand, application of 5 M F2v activated Trp3-like currents (Fig. 5 E  and F) , indicating that the mutant is functional. Subsequent application of CaM did not inhibit the current (not shown). These results indicate unequivocally that the effect of CaM removal on the activity of wild-type Trp3 is mediated by antagonizing the CaM that is bound to the CIRB site of the channel.
Discussion
The finding that IP 3 . In addition, removing or inactivating CaM caused similar or maybe even stronger activation of Trp3. The data shown in Figs. 3-5 were inward currents for Trp3 recorded at Ϫ60 mV. Similar results with outward current activities were obtained at ϩ60 mV (not shown). In aggregate, these data suggest that displacing CaM from the CIRB site by activated IP 3 Rs is an important step for Trp3 activation. The gating of Trp3 by IP 3 Rs and CaM is thus another example of channel regulation through competitive association of the regulatory protein to a binding site that is also recognized by CaM. A similar mechanism has been shown for the olfactory cyclic nucleotide-gated channel (41) and the N-methyl-D-aspartate glutamate receptor (42, 43) . Several questions remain on how the competition between IP 3 Rs and CaM gates the Trp3 channel. First, although IP 3 Rs contribute to͞or trigger channel activation by displacing inhibitory CaM from Trp, this may not be the only contribution of IP 3 Rs to Trp3 gating. Our data do not exclude the possibility that the full-length IP 3 R may further increase Trp activity, beyond that obtained by CaM removal. Second, although CaM seems to be important for keeping the channel inactive, it is not clear how CaM is associated with the channel under unstimulated conditions, inasmuch as CaM binding to the isolated CIRB site is Ca 2ϩ dependent. The dominant negative effect of the EF hand mutant suggests that CaM is tethered to full-length Trp3 in a Ca 2ϩ -independent manner. Such constitutive association has also been suggested for tethering CaM to the L-type Ca 2ϩ channel (33, 44) . However, the exact mechanism remains unknown. Third, it is unclear why Trp3⌬C8, which is incapable of binding to CaM, is not spontaneously active. Perhaps a totally CaM-free Trp3 is less susceptible to spontaneous opening than the channel that has just lost CaM. In this sense, CaM may facilitate the opening of Trp3 by stabilizing the channel in a conformation that has a high tendency toward opening spontaneously, although only in the absence of CaM.
